Salmonella typhimurium, lipopolysaccharide, cell envelope, polymyxin B, antibiotic Polymyxin B (PX) forms complexes with the O-antigenic lipopolysaccharide (LPS) of Salmo nella typhimurium which are stable in aqueous 0.14 M sodium chloride at neutral pH. PX can be quantitatively recovered from the complex by changing the pH from 7 to 1, or by treatment with the cationic detergent cetylpyridinium chloride. This proves that complex formation does not involve covalent linkages, but is due to electrostatic, and possibly hydrophobic interactions. Quantitative investigations of the binding properties of mutant LPS of the chemotype Rc and Re, of degraded polysaccharide and isolated lipid A point to the negatively charged ketodeoxyoctonate-lipid A region of LPS as binding site for PX. These biochemical results are confirmed by a blueshift of the fluorescence emission maximum of LPS-bound mono-Ar-dimethylaminonaphthalenesulfonyl PX from 550 to 515 nm which corresponds to a location of the dansyl-PX at a polar-apolar interface 34. Using a published molecular weight of the Rc LPS of 10 000 29, it is calculated that one LPS mole cule can bind 2.7 molecules PX. It is discussed that the PX-LPS interaction may be necessary to alter the permeability of the outer membrane which is a prerequisite for the antibiotic to gain access to it's final target, the cytoplasmic membrane.
Introduction
In addition to a breakdown of the permeability barrier of the cytoplasmic membrane 1 the polypep tide antibiotic polymyxin B also induces perm eabi lity changes in the outer membrane or plastic layer of Gram-negative bacteria2_4. This mechanism of action has been attributed to electrostatic inter actions of the cationic antibiotic molecules with an ionic phospholipids of the cell en velope115. H ow ever, extraction of these lipids from isolated enve lopes of Salmonella typhimurium did not completely abolish the binding capacity for radioactive poly m yxin B 6 suggesting additional binding com ponents. A clue to the identity of the latter poly m yxin receptors emerged from reports on poly myxin-induced alterations of lipopolysaccharide, i. e. alteration of phage receptor properties 7> 8, neutrali sation of endotoxin toxicity 9 and Schwartzman reac tions 10, inhibition of enterobacterial hem agglutina tion and hem olysis n , and elim ination of the typical vesicular appearance of isolated LPS under the elec tron m icroscope 12.
Chemically defined LPS-polymyxin complexes have not yet been described. We attempted the de monstration of the physical existence of such comRequests for reprints should be sent to Dr. M. Teuber, PD, Abteilung Mikrobiologie, Institut für Botanik, Technische Universität, D-8000 München 2, Arcisstr. 21. plexes. Moreover, the binding site of LPS for poly m yxin and the mechanism of binding were of inter est since the study of these properties could provide a more detailed understanding of the polymyxin action against the surface of susceptible bacteria. A preliminary report has been presented 13. 
M aterial and M ethods

The lipid A as receptor site of LPS for poly myxin B
LPS can be hydrolysed into its carbohydrate chain ( = degraded polysaccharide) and it's lipid portion under relatively mild, acid conditions although some further degradations of both residues probably take place 18, 27. Fig. 2 , for the G 30 and SL 1102 LPS as described in Fig. 4 (Fig. 2, Table I ).
If the LPS-polym yxin interaction is ionic in nature, it should also be fully reversed by either changing the pH from 7 to 1 or by addition of magnesium ions. Suspending a G 30LPS-polym yxin complex obtained at pH 7 in buffer of pH 1 actually resulted in complete and rapid disappearence of polymyxin B from the precipitate which still con tained all the LPS whereas the antibiotic was found unhydrolysed in the supernatant. Magnesium and sodium ions even at 2 M concentrations, however, were unable to remove all the polym yxin from the complex (Fig. 7 ) . Since the magnesium-polymyxin ratio was maximally 2 0 0 0 on a molar basis, the polymyxin-LPS interaction can not be explained by ionic forces only. Other responsible forces could either be hydrogen bonding and/or hydrophobic interactions. An indication that hydrophobic forces might be involved is the observation that the com plex was completely dissociated by the cationic de tergent cetylpyridinium chloride but not by the neutral detergent Triton X 1 0 0 (Fig. 7 ) . Therefore, both hydrophobic and ionic forces must act together though hydrogen bonding has not yet been excluded. The complete displacement of the antibiotic from the LPS precipitate by cetylpyridinium chloride is final evidence that no covalent linkages are involved. This statement is also confirmed by the experience that over 80% of LPS-bound radioactive polymyxin B are recovered by thinlayer chromatography on cellulose with solvent system I. In addition, the radioactive antibiotic could also be removed from the complex by excess unlabelled polym yxin B (Table II) .
In aqueous environments, the LPS m olecules are not in a true solution but they are aggregated in membraneous structures 30. In these vesicle or tube like aggregates, the carbohydrate chains probably Table II . 1 ). The so far described properties of the LPS-polymyxin complex proved it to be quite a stable com pound under physiologically reasonable conditions. This stability was checked in a biological experi ment. Fig. 9 clearly demonstrates that the addition of isolated G 30 LPS to growing cultures of S. typhi- Fig. 9 . Neutralisation of the antibiotic potency of polymyxin B by LPS. 1 ml portions of growing cultures of Salmonella typhimurium G 30 (7.5 • 108 cells/ml) were treated with 0.09 ml of properly concentrated polymyxin B solutions containing 5 or 10 /il ( = 5 or 10 fxg) of G 30 LPS/ml. After 2 additional hours of incubation at 37 °C, the cell density was measured at 600 nm in a Zeiss PMQ II photometer.
murium was able to neutralise the antibiotic potency of polymyxin B with good stoichiometry for at least 2 hours at 37 °C. This result is the best evidence that the polymyxin-LPS com plex is stable under physiological conditions. This in turn is a pre requisite in order to assign to this reaction a role in the killing process induced by polymyxin B. Whereas the analysis of the LPS-polym yxin inter action is easily accessible using the isolated com ponents in vitro, it is difficult to differentiate be tween the LPS-polym yxin and phospholipid-polymyxin reactions in whole bacteria. One possible ap proach is the investigation of the polymyxin suscep tibility of bacteria with known m utations in the LPS molecule. The m inimal inhibitory concentration of polymyxin B for S. typhimurium strain S L 1 1 0 2 was found to be only 1 //g /m l at a cell density of 109/m l while the MIC for the smooth wildtype was 8 //g/m l under the same conditions. This differential behaviour was also reflected in the binding iso therms for radioactive polym yxin B and in the re lease isotherms of the periplasmic S^nucleotidase which is a measure for the perm eability of the outer membrane (Fig. 1 0 ) . These results, however, point fj.g PX/ml-► Fig. 10 . Binding isotherms for radioactive polymyxin B (top) and release isotherms for the periplasmic 3'-nucleotidase (bot tom) as measured with smooth wildtype Salmonella typhimu rium SL 1135 and the rough strain SL 1102 (see Fig. 1 ). Binding of mono-A,-acetyl-14C-polymyxin B was determined by filtration after 1 min incubation at 37 °C with 10® cells/ml of neutral 0.14 m sodium chloride. The 3'-nucleotidase activity was determined in the supernatant of 1010 cells/ml of 0.14 M sodium chloride after 1 min treatment with polymyxin B at 37 °C. The figure (bottom) shows the percentage of total 3'-nucleotidase which was released into the medium 4. Regarding the binding site of LPS for polym yxin B, an ultimate understanding of the exact mechanism will be dependent on the analysis of the exact pri mary and secondary structure of the lipid A and the adjoining core polysaccharide. In addition, the mechanism how the lipid A is incorporated into the cell surface of Gram-negative bacteria has to be established.
As to the binding sites in the polym yxin B mole cules, the importance of the 5 free aminogroups is evident from the pH-dependence of the reaction (Fig. 6 ) . Furthermore, fully TV-acetylated radio active polym yxin B derivatives25 did not complex with isolated LPS (J. Bader, unpublished observa tions) . The aminoterminal fatty acid and the D-phenylalanine-L-leucine regions of the molecule could be involved in hydrophobic interactions 52 whereas the carbonyl-and amide-groups of the peptide bonds could participate in hydrogen bonding. A require ment to understand the role of these residues would be the knowledge of the conform ation of polymyxin B in aqueous solvents w hidi is still uncertain 53.
A differentiation between the LPS-polym yxin and the phospholipid-polym yxin interactions in the membranes of whole bacteria could be aided by in vestigations into the polym yxin-binding properties
